Electronic Version 
Stylesheet Version vl.1.1 

Description 
Method of alignment for precision tools. 

Cross Reference To Related Applications 

[0001] This application is a regular application of provisional 

Patent Application No. 60/481,082, filed July 11, 2003 

which is hereby incorporated by reference in its entirety 

for all purposes. 
Background of Invention 

[0002] a subject of the current invention closely relates to meth- 
ods of precise alignment, which are necessary in pro- 
cesses of manufacturing, control and measurements at 
micro- and nano-scale technologies. In more particular 
case it relates to methods of establishing precise position 
of micro-/nano- scale tool with respect to the tool hold- 
ing assembly. This task is essentially important for pro- 
cesses that require micro-/nano-meter resolution and 
imply in-process tool replacements or use multiple tools 
to perform sequential and/or parallel operations on the 
same physical substance. Examples of such processes are 



micromachining techniques, scanning tunneling lithogra- 
phy, scanning probe lithography, microcontact print 
based lithography. Current state of the art for this subject 
relies on use of plurality of additional components and 
sensors to perform alignment tasks. Methods employ op- 
tical interference: Stanton US 6,469,793, Makosch US 
4,577,968, Uchida et al. US 4,848,911, Ishibashi et al. US 
5,151,754, Komatsu et al. US 5,171,999, Tian et al. US 
5,402,230, Gallatin et al. US 5,559,601; patterned elec- 
tromagnetic sensors: Leedy US 6,294,909; scanning by 
laser beams: Suzuki US 5,048,968; optical alignment 
techniques: Nishi US 4,829,193; diffraction method: 
Trutna, Jr. US 4,631,416; pattern imaging: Eby, Raymond 
K. et al. US 20030185967. 
[0003] Optical interference methods of alignment provide effi- 
cient ways for alignment of macroscopic objects with 
fixed geometry at costs exponentially increasing with ac- 
curacy requirements. Patterned electromagnetic sensors 
have limitation to alignment accuracy of the same dimen- 
sional scale as a pattern period. Methods of laser scanning 
and optical alignment are limited in resolution to signifi- 
cant fraction of employed wavelength, which makes them 
inherently impractical for use at nanometer-scale. While 



method of pattern imaging does not have theses disad- 
vantages it requires imaging of substrate and recognition 
of prerecorded pattern. This makes the implementation of 
said approach more difficult that the other techniques. 
[0004] The method of the present invention avoids aforemen- 
tioned disadvantages and relies of simple mathematical 
algorithms that neatly convert readings of single unidirec- 
tional proximity sensor into alignment data. 
Summary of Invention 

[0005] plurality of tools used for processing of bulk or surface 
structures of parts and materials. These tools are usually 
mounted in specialized holding device that maintains the 
tool position during its operation. Determination of pre- 
cise position of the tool or its active region has principal 
effect on precision of work performed with the tool. This 
invention discloses a new method that allows calculation 
of precise position of the tool's active region (such as cut- 
ting edge(s), point(s),nozzle(s), focal point(s), etc.) using 
small angular adjustments of the holding device position. 
In comparison with existing methods this approach allows 
determination of current position of active region of the 
tool without use of any additional measurement instru- 
ments. The invention only requires single proximity sen- 



sor and flat calibration surface. In most cases surfaces of 
parts and materials that will be used for processing by the 
tool can be used as such calibration surfaces. The method 
has no dimensional restrictions and can be used to pro- 
vide up to angstrom scale alignment accuracy. 
Brief Description of Drawings 

[0006] Fig. 1 shows schematic diagram of an apparatus. 

[0007] pig. 2 shows basic calculations for computing relative tool 
position. 

[0008] Fig. 3 shows use of the algorithm in case of three degrees 
of freedom. 

[0009] Fig. 4 shows schema of an apparatus that contains addi- 
tional tool positioning actuator. 

[0010] Fig. 5 shows formulas for calculation of distances between 

the tool and appropriate actuators contact points of the 

tool holder. 
Detailed Description 

[0011] The subject of the invention describes an algorithm or 
method for determination of precise position of a tool 
mounted on a tool holder that is capable of performing 
measurable moves with two or more degrees of freedom 
and has as least one proximity sensor which readings can 



be used to characterize interaction between the tool and 
surface of a body. These proximity sensor can be an add- 
on feature of the toll or the tool itself. Examples of such 
integrations are scanning tunneling (beam) lithography 
and scanning probe lithography, where tool proximity 
data are available directly from the tool feedback channel. 

[0012] The first embodiment describes the invented algorithm 
reduced to the case of two dimensions/degrees of free- 
dom. It does not intend to limit the use of the algorithm 
since it is obvious that the same procedure can be applied 
to cases of larger number of dimensions/degrees of free- 
dom. Fig. 1 shows schematic diagram of an apparatus 
containing tool 103, tool holder 100, two one-di- 
mensional actuators 101 and 102, and reference body 
surface 104. In real apparatus the role of the reference 
body 104 can be assigned to a calibration standard, sub- 
ject of processing, etc. Following are the steps for algo- 
rithm execution: 

[0013] i) tool 103 moves toward body 104 to be positioned 

within sensory range of the proximity sensor, where sen- 
sor responds to proximity, pressure, force, electric field, 
or any other factors in some extent dependent from rela- 
tive position of the tool 103 and the reference body 104, 



and where the position changes may be occurring due to 
deformation of the tool 103 and or the body 104 or sepa- 
ration between them; 

[0014] 2) actuators 101 and 102 change the position of the 

holder 100 in the way that when the change is completed 
the sensor provides readings within its operational range , 
and relative distances of each actuator travel are known, 
and the virtual rotation axis 1 can be computed; 

[0015] 3) optionally step 3 can be repeated several times using 
different travel distances for actuators and causing virtual 
rotation axis 2 to be distinct from axes in previous steps. 

[0016] Completion of described steps provides sufficient data for 
computation of the tool 103 position with respect to the 
holder 100. Fig. 2 shows basic calculations for that. Val- 
ues R i and R 2 identify distances between points of the 
holder actuators A and A and the tool and when com- 
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puted will uniquely define its position. Values p and P 2 
indicate estimate view angle of the tool mount position. 
These values are obtained from geometry of the holder 
and does not necessarily precisely identify but rather ap- 
proximate the tool location. Tilt value of the holder may 
be measured or computed based on the holder length L or 
distance between actuators A and A and their displace- 
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merits Y and Y . Each value Y and Y is relative position 
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of corresponding actuator, only changes of these values 
are important for computation of the tool precise position. 
Formulas for computation of the tool position have high 
use measurements of changes in the positions of the ac- 
tuators mounts Y and Y which also gives values for 
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changes of tilt angles y. This in fact is the primary benefit 
of the disclosed algorithm since in real-world execution 
of this algorithm only the changes in the values need to 
be measured and such measurements usually can be pro- 
vided with high precision and ease. 
[0017] Formulas shown on Fig. 2 use increment and average of 
computed values of tilt angles y. It is obvious to anyone 
experience in the art that multiple measurements can be 
performed and their results can be accumulated to per- 
form statistical evaluation of computed result and its ac- 
curacy. 

[0018] The algorithm disclosed in the previous paragraph gives 
exact position of the tool in case of two dimensions/de- 
grees of freedom, by providing two distances and R 2 
which allows triangulation of its position. In case of three 
dimensions/degrees of freedom the same algorithm can 
be used as illustrated on Fig. 3. Each value R is computed 



using estimate values of (3 , measured change of actuators 
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displacements Y and computed values of tilt angles y. 
changes. 

[0019] it is obvious that in all algorithms disclosed in this inven- 
tion measurements of actuators positions changes can be 
substituted with measurements of appropriate tilt angles. 
In this case actuators positions changes can be easily 
computed. 

[0020] The second embodiment of the present invention dis- 
closes a method of performing detection of the tool posi- 
tion in design when tool holder contains additional actua- 
tors which are capable of positioning the tool with respect 
to the tool holder. Fig. 4 shows schema of an apparatus 
that contains additional tool positioning actuator 105. 
Method for performing this operation uses the following 
steps: 

[0021] i) t 00 | io3 moves toward body 104 to be positioned 

within sensor range, where sensor responds to proximity, 
pressure, force, electric field, or any other factors in some 
extent dependent from relative position of the tool 103 
and the reference body 104, and where the position 
changes may be occurring due to deformation of the tool 
103 and or the body 104 or separation between them, and 



positioning state(all displacements) of the actuator 105 is 
well known; 

[0022] 2) actuators 101 and 102 change the position of the 

holder 100 in the way that actuator 105 is capable to po- 
sition the tool in such a way that when the change is com- 
pleted the sensor provides readings within its operational 
range, and the relative distances of each actuator travel 
are known, and the virtual rotation axis 1 can be com- 
puted; 

[0023] 3) optionally step 3 can be repeated several times using 
different travel distances for actuators and may allow vir- 
tual rotation axis 2 to be distinct from axes in the previ- 
ous steps. 

[0024] -rh e invention includes an algorithm for computation of 
the tool's relative position with respect to the tool holder 
for at least one predefined state of actuator 105. Fig. 5 
shows formulas for calculation of distances between the 
tool and appropriate actuators contact points of the tool 
holder. It is shown that tool actuator 105 produces mo- 
tions in XY X plane coplanar with plane of holder actuators 
motions( case of two dimensions). It is obvious that in 
general case these two coordinate systems can be differ- 
ent and any motion of actuator 105 can be presented as 



sequence of elementary motions in each coordinate sys- 
tem by means of linear transformation of their coordi- 
nates into desired coordinate space. This algorithm can 
provide higher precision than the algorithm described in 
the first embodiment in cases when positioning precision 
of actuator 105 is higher than the one of 101 and 102. 

[0025] it is obvious that the method and the algorithm of the 

current embodiment can be applied to a tool holder appa- 
ratus that has only single holder positioning actuator and 
single actuator for positioning the tool with respect to the 
holder, as well as it is obvious that disclosed method 
equally applicable to designs where actuator 105 provides 
0 through 6 degrees of freedom, and the tool holder 100 
has 0 through 6 degrees of freedom, and the only re- 
quirement is that combined number of degrees of free- 
dom is greater than 1. 

[0026] it is also obvious that same method can be employed for 
the same purpose in designs where the tool or sensor re- 
mains immobile, but the body surface 104 posses degrees 
of freedom with respect to the holder 100 and can per- 
form controlled motions. 

[0027] The methods of previous embodiments can be used to 
detect position of multiple tools or sensors or a complex 



tool with multiple active sites. Tolls or sensors can be ar- 
ranged in predetermined pattern or array. In order for dis- 
closed methods to be used in these design scenarios in- 
clination/tilt angles of the holder has to be selected in a 
way that only known tools/sensors are engaged into the 
method measurements. In case of multiple sensors this 
selection is achieved by ensuring that sensors employed 
in current measurements provide signals in operational 
range. 

[0028] | n case 0 f complex tool that has multiple active region and 
number of sensors is less than the number of active re- 
gions, it is important to employ design data of the tool 
geometry to resolve ambiguity between current tilt angle 
and sensors reading and active tool region. 

[0029] Examples of these designs include arrays of tunneling 

probes, arrays of passive or active micro cantilevers, near- 
field optical arrays, etc. all these arrays can be considered 
as a plurality of tools/sensors or as a single complex tool 
with multiple active regions and sensors. The methods of 
the present invention can be equally applied to all this 
cases to sequentially or simultaneously resolve locations 
of the tools/sensors. Sequential resolution implies mea- 
surements performed with multiple tilt angles that engage 



different active regions or sensors. Simultaneous resolu- 
tion implies detection of multiple sensors data for each 
inclination/tilt angle. In more generic case combination of 

both approaches is used. 
Examples 

[0030] t 00 | holder has linear size of 0.1 meter and two actuators 
movable by step motors with precision of 2.5 microme- 
ters. Default location of the tool estimated to be below the 
holder by 1 millimeter and is approximately at its center. 
As initial step the tool is approached the calibration sur- 
face with holder tilt of 0 degrees. In second step right ac- 
tuator retracts the holder from the surface by 2500 mi- 
crometers and left actuator approaches the surface until 
original sensor readings has been achieved. Its displace- 
ment is -2.5 micrometers below prior position. Using this 
data the tilt change computed to be ~3 degree, and ap- 
proximate view angles are 1 degree, vertical offset of the 
tool from its estimated position is 600 nanometers and 
horizontal offset is 25 micrometers. 

[0031] | n this example the parameters of the tool holder are the 
same as in the previous example. But actuator 105 is used 
ant it is capable of positioning with precision of 0.1 
nanometer, and SPM cantilever type probe used as a tool 



and the sensor. Freshly cleaved crystal of HOPG is used as 
a calibration surface that assumes atomic flatness of the 
surface. The resulting precision of detection of the tool's 
vertical offset is 0.025 nm and its horizontal offset preci- 
sion is 1 nm. 



